ABSTRACT In this paper, a robust model-free nonsingular terminal sliding-mode control (MFNTSMC) algorithm based on the ultra-local model is proposed to reduce the influence of permanent magnet (PM) demagnetization for PM synchronous motors (PMSMs). First, the PMSM mathematical model in normal and demagnetization is described, and the ultra-local model of speed loop and current loop is constructed based on the input and the output of the PMSM vector control system. Then, the MFNTSMC method is proposed and adopted to design the speed controller and d-q-axis current controller, and the sliding-mode observer is designed to estimate the unknown terms of the ultra-local model. Finally, compared with the PI control method and model-free control method, the results of simulations and experimentations show that the MFNTSMC method can improve the dynamic response while maintaining robustness of PMSM driven system, reduce the dependence of the design of controller on the precise PMSM model, and has fault-tolerant control function for PM demagnetization fault.
I. INTRODUCTION
Permanent magnet synchronous motors (PMSMs) have gradually become one of the most potential motors in industry field due to its advantages of simple structure, high efficiency and energy saving [1] . In recent years, PMSMs have been widely applied in railway traction system, electric vehicle, aerospace and other fields. The traditional proportional-integral (PI) control scheme are widely applied in the speed controller and current controller of PMSM drive systems, because of their simplicity and easy implementation. However, traditional PI controller is difficult to meet the control requirements of high-performance drive systems because of integral windup [2] .
The stability of permanent magnets (PM) is often affected by temperature, electromagnetic field and other factors, in severe cases even leading to the demagnetization fault.
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The demagnetization has direct influence on the accuracy PMSM drive system [3] , [4] . In [5] , the terminal sliding mode controller based on nonlinear disturbance observer is designed to overcome the effect of the parameter perturbation. In [6] , a robust fault-tolerant predictive current control method is proposed for PMSM considering demagnetization fault, and the fault tolerance and robustness are verified by simulation and experimental results. In [7] , a fault-tolerant predictive control algorithm based on active flux linkage is proposed, the SMO is designed to estimate active flux linkage; deadbeat control strategy is adopted to eliminate the error of active flux linkage. The proposed methods in [5] - [7] are all model-based control methods, while the model of PMSM is uncertain when parameter perturbation is considered.
Compared with model-based control methods, the modelfree control (MFC) method can reduce the dependence on the system model, and significantly improve the control performance of motor [8] , [9] . The MFC is appropriate for nonlinear, uncertain, strongly coupled PMSM driven systems.
The MFC is proposed based on the ultra-local model, which is established with the input and output of the system [10] - [12] . In [13] , the model-free controller is designed to control a twotank system, and the experimental results show that the MFC method has the merit of robustness and simple implementation. In [14] , aiming at the robust synchronization problem of master slave chaotic systems, the ultra-local model is established, and the fixed-time differentiator is used to estimate the unmeasurable states. In [15] , the predictive current controller of PMSM is designed based on ultra-local model. The method has faster transient performance and smaller pulsation. In [16] , aiming at the problem that the parametric uncertainties and inverter nonlinearity in PMSM, a modelfree deadbeat predictive current control (MFDPCC) method is proposed. Compared with conventional PI controller and model-based deadbeat predictive current controller, MFDPCC has stronger robustness.
In this paper, a model-free nonsingular terminal sliding mode control (MFNTSMC) method is proposed, which combines model-free control [10] , [17] with nonsingular terminal sliding mode control (NTSMC) [18] , to guarantee reliable operation of PMSM regardless of PM demagnetization fault and external disturbances. The ultra-local model based on the input and output of PMSM is established, to reduce the dependence of the controller on the precise PMSM model. The speed and current controllers are designed by MFNTSMC algorithm, so as to improve the response speed and steady state tracking accuracy of the PMSM system, and the SMO is designed to estimate the unknown variable of the ultra-local model. The results of simulations and experimentations show that the proposed method has faster response speed and higher control accuracy, and has fault-tolerant control function for PM demagnetization fault.
The remainder of this paper is organized as follows. The mathematical model of PMSM in normal and demagnetization is described, and the ultra-local model of PMSM is established in Section II. A MFNTSMC controller and a SMO are designed in Section III. The results of simulation and experimental are shown in Section IV and V. A brief conclusion is presented in Section VI.
II. SYSTEM DESCRIPTION A. MATHEMATICAL MODEL OF PMSM IN NORMAL CONDITION
The stator voltage equations of the healthy PMSM in the d-q-axis reference frame can be expressed as follows [18] : The stator flux linkage of PMSM is expressed as follows:
where L d , L q are the d-and q-axis stator inductances (H), respectively; ψ ro is the normal parameters of the rotor PM flux linkage (Wb).
The electromagnetic torque equation of PMSM in the d-q-axis reference frame can be expressed as:
where T e is the electromagnetic torque(Nm); n p is the number of pole pairs; ψ ext represents the active flux [19] - [21] . The speed equation of PMSM in the d-q-axis reference frame is as follows:
where T L is the load torque(Nm); ω m is the rotor mechanical angular velocity (rad/s), and ω e = n p ω m ; J is the moment of inertia (kg·m 2 ); B is the viscous friction coefficient (Nm·s/rad), and Bω m is the viscous friction torque. 
B. MATHEMATICAL MODEL OF PMSM WITH PM DEMAGNETIZATION
The permanent magnet (PM) demagnetization occurs because of the external influence, such as temperature rise and other external factors [22] . When the PM demagnetization fault occurs, the PM flux linkage amplitude and direction will change. The flux linkage amplitude varies from initial ψ ro to ψ r , and a deviation angle γ exists between the direction of the rotor flux and the d-axis of the reference frame. It is illustrated in Figure 1 [2], [22] .
When the PM demagnetization fault occurs, the equation (2) no longer holds, and stator flux-linkage of PMSM are formed as follows:
where ψ rd is perturbation values of the flux-linkage components of d-axis, ψ rd = ψ r cos γ −ψ ro ; ψ rq is perturbation values of the flux linkage components of q-axis, ψ rq = ψ r sin γ ; γ ∈ 0, π 2 . Substituting (5) into (1), the stator voltage equations of PMSM is expressed as follows when PM demagnetization fault occurs:
Considering that the time constant of the mechanical system is much larger than that of the electrical system in the PMSM, that is
. Then, the stator voltage (6) of PMSM can be rearranged as follows:
According to (7) , the state equations of PMSM in d-q-axis reference frame can be expressed as follows:
The electromagnetic torque (3) of PMSM can be rearranged as follows:
According to (4) and (9), the speed equation can be rearranged as follows when PM demagnetization fault are considered:
C. THE ULTRA-LOCAL MODEL OF PMSM
According to input and output of the system, some nonlinear, complex and variable systems can be replaced by ultra-local model. A first-order ultra-local model of a single-input and single-output system is expressed as follows [10] :
where y and u are the output and control variables of system; α is a non-physical constant parameter; F denotes known parts of the system and unmodeled dynamics. In order to reduce the dependence of the speed controller and current controller on the PMSM system model, and the influence of the PM demagnetization fault on the controller, according to (8) and (10), the ultra-local model of the speed loop and current loop for PMSM can be designed as follows:
where α d , α q are the designed voltage parameter, α ω is the designed current parameter; F d , F q , F ω are known parts of the mathematical model of PMSM in normal condition and the PM demagnetization fault, and they are all bounded quantities. According to ultra-local model (12) , the equation can be rearranged as follows:ẋ
where 
III. MFNTSMC METHOD WITH SMO
In order to obtain higher steady-state tracking accuracy, reduce the dependence of the design of controller on the precise PMSM model, the MFNTSMC method is proposed in this paper. Figure 2 illustrates the structure of MFNTSMC. The schematic diagram includes MFNCSMC controller and SMO. The SMO is used to estimate the variable of the ultralocal model and feed back it to the controller. The controller is used to control speed and current. The MFNTSMC method can be used to design the d-q-axis current controllers and speed controller for PMSM vector control system. 
A. DESIGN OF MFNTSMC CONTROLLER
The state error of the controller is designed as follows:
where e 1 = e d1 e q1 e ω1 T , and
e is the given value of the rotor electrical angular velocity.
The state variables x 1 = e 1 and x 2 = e 1 are introducing, the state-space equation is as follows:
A second-order nonsingular terminal sliding mode (NTSM) manifold is designed as follows [23] :
where β = diag (β 1 , β 2 , β 3 ), β 1 > 0, β 2 > 0, β 3 > 0 are the designed parameter; p, q are all odd, 1 < p/q < 2. Differentiating (16), the following equation is obtained:
Theorem 1: For (15) , the state error can converge to zero in finite time, if the NTSM manifold is chosen as equation (16) and the control law (18) is designed as follows:
whereF is the estimated values of F; η 1 > 0, η 2 > 0 are the designed parameter; η 1 ≥ F − F + µ(µ > 0).
Proof:
The following Lyapunov function is selected to be:
Differentiating V 1 with respect to time, and substituting (17) into it, then the following equation is obtained: (20) whereF =F − F is bounded. Because of 1 < p/q < 2, 0 < p/q−1 < 1, and p, q (p > q) are all odd, we got x p/q−1 2 > 0; when η 1 ≥ F + µ(µ > 0), then the following equation is obtained:
This completes the proof. The speed controller and the d-q-axis current controllers are designed by the proposed MFNTSMC. The structural diagram of the PMSM driven system is presented in Figure 3 . 
B. DESIGN OF SLIDING MODE OBSERVER
In equation (13) , F is an unknown term, the sliding mode observer is designed to obtain the estimated valueF. The sliding mode observer can be designed as follows:
where
The observer error is defined as follows: Proof: The following Lyapunov function is selected to be:
Differentiating (25) with respect to time, then the following equation is obtained:
is chosen, according to equation (26), the following equation is obtained:
Therefore, according to the Lyapunov stability criterion and the sliding mode reachability condition, the stator error e 2 will converge to zero in finite time, and it can be known that observer is asymptotically stable.
This completes the proof. Remark 2: When stator error stays on the sliding mode manifold, it satisfies e 2 =ė 2 = 0, according to the sliding mode equivalent control method [24] , the following equation is obtained by equation (24):
IV. SIMULATION RESULTS
In order to verify the effectiveness of the proposed MFNTSMC method, the Matlab/Simulink is used to simulate PMSM driven system. The vector control scheme of Maximum Torque Per Ampere (MTPA) is adopted. The sampling period T s is set as 5 · 10 −6 s. The PMSM parameters are listed in Table 1 . 
A. SIMULATION FOR PMSM IN NORMAL CONDITIONS
The simulation time is set as 6 s. The initial rotor electrical angular velocity is set to 50 rad/s and subsequently increases to 200 rad/s at 2 s; The initial load torque is set to 1000 Nm and subsequently increases to 3000 Nm at 4 s. The simulation results are shown in Figure 4 - Figure 13 . Figure 4 demonstrates the speed comparison diagram by the proposed MFNTSMC method, MFC method and PI method. When the speed increases at 2 s, the speed response of the motor controlled by MFNTSMC method is faster than PI method, and compared with MFC method, the error is smaller. When the torque increased at 4 s, it can be seen from the enlargement diagram, the speed controlled by PI control method has a relatively obvious reduction process. The speed controlled by MFNTSMC method is not obvious, and the steady-state error is small. Compared with MFC method, the speed error controlled by MFNTSMC method is smaller. Figure 5 and Figure 6 show the comparison diagram of d-q-axis current by the proposed MFNTSMC method, MFC method and PI method. It clearly shown that the d-q-axis current pulsation controlled by the MFNTSMC method is smaller than PI method and MFC method. The comparison diagram of torque controlled by proposed MFNTSMC method, MFC method and PI method are presents in Figure 7 . It can be seen that the torque pulsation controlled by the MFNTSMC method is smaller than PI method. estimated error of speed and d-q-axis current are small. When some variables have been changed, the error will change, and it will converge to zero in short time. It can be drawn from the simulation result that the motor speed controlled by MFNTSMC is faster than PI, and the robustness is better than PI method and MFC method. 
B. SIMULATION FOR PMSM IN PM DEMAGNETIZATION
The simulation time is set as 6 s, the given speed is 200 rad/s, and the given torque is 3000 Nm. The PM demagnetization occurs at 3 s, the flux linkage amplitude is set to 0.4 Wb, and the flux linkage deviation angle is set to 0 to π/4. The simulation results are shown in Figures 14-Figures 23 by the proposed MFNTSMC method, MFC method and PI control method.
The comparison diagram of speed is shown in Figure 14 . When PM demagnetization occurs at 3 s, the speed controlled by MFNSMC method and MFC method can still keep up with the given value, but the speed error of MFNTSMC method is smaller. It can be seen from Figure 15 and Figure 16 , when the PM demagnetization occurs at 3 s, the d-q-axis currents change quickly. Compared with the PI control method and MFC method, the current controlled by MFNTSMC method is restored to stability in short time, and the current pulsation is relatively small. Figure 17 shows that the torque will fluctuate when the PM demagnetization occurs at 3 s. But the torque will restored to a stable value quickly. When the PM demagnetization occurs, the error will change, and it will converge to zero in short time.
Compared with PI control method and MFC method, the steady-state error controlled by MFNTSMC method is smaller. It is known that the MFNTSMC algorithm has strong robustness when the permanent magnet has a demagnetization fault. 
V. EXPERIMENT RESULTS
PM demagnetization is difficult to simulate. Thus, the RT-Lab hardware-in-the-loop simulation (HILS) platform is used in this work. The RT-Lab HILS platform is composed of DSP controller, OP5600 simulation motor, and upper computer monitoring interface, etc. The RT-Lab HILS platform is shown in Figure 24 , and the configuration of the RT-Lab hardware-in-the loop simulation system is shown in Figure 25 Figure 31 show the experimental results of the rotor electrical angular velocity (ω e ), the torque (T e ), the d-q-axis current (i d , i q ) controlled by the MFNTSMC method, PI control method and MFC method under PM demagnetization. The results show that the motor torque and current pulsation controlled by MFNTSMC method is small than PI method and MFC method. When the PM demagnetization occurs, the torque and current controlled by MFNTSMC method restored to a stable value in short time. It is proved that the MFNTSMC method has strong robustness and has fault-tolerant control functions for PM demagnetization.
VI. CONCLUSION
The novel MFNTSMC algorithm for PMSM drives system is proposed in this paper. The ultra-local model is constructed based on the input and output of the PMSM system. The speed and d-q-axis current controllers are designed by MFNTSMC, and the SMOs are designed to estimate the unknown variables in the ultra-local model. Compared with the PI control method and MFC method, the results of simulations and experimentations verify the efficiency of the proposed MFNTSMC scheme. The MFNTSMC method can increase the response speed and robustness in normal condition, and has fault-tolerant control function for PM demagnetization fault. When the PM demagnetization occurs, the simulations and experimentations indicate that the MFNTSMC method can operates well. The MFNTSMC controller can reduce the dependence on the precise model of PMSM system, and increase the response speed and robustness. His research interests include fault diagnosis and nonlinear control of permanent magnet synchronous motor.
